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ABSTRACT
Alfvén waves are primal and pervasive in space plasmas and significantly contributes to mi-
croscale fluctuations in the solar wind and some heliospheric processes. Here, we demonstrate
the first observable distinct feature of Alfvén wave while propagating from magnetic cloud
to trailing solar wind. The Walén test is used to confirm their presence in selected regions.
The amplitude ratio of inward to outward Alfvén waves is employed to establish their flow
direction. The dominant inward flow is observed in magnetic cloud whereas trailing solar wind
shows the dominant outward flow of Alfvén waves. The observed reduction in Walén slope
and correlation coefficient within magnetic cloud suggest (i) the simultaneous presence of an
inward & outward Alfvén waves and/or (ii) a possibility of magnetic reconnection and/or (iii)
development of thermal anisotropy and/or (iv) dissipation of Alfvénic fluctuations. The study
implies that either the Alfvén waves dissipate in the magnetic cloud or its presence can lead to
disruption of the magnetic cloud structure.
Key words: The Sun:coronalmass ejections (CMEs), magnetohydrodynamics(MHD),waves:
Physical Data and Processes, Sun: heliosphere, Sun: magnetic fields, Sun: solar wind
1 INTRODUCTION
Alfvén waves (Alfvén 1942) i.e. incompressible magnetohy-
drodynamics (MHD) waves are the primitive oscillation in a
magnetized plasma which has paramount importance both in
astrophysical and laboratory plasmas (Foote & Kulsrud 1979;
Cramer 2011). These waves play a crucial role across various
regimes of plasma physics, for example, (i) magnetized turbulence
phenomenologies (Goldreich & Sridhar 1995; Ng & Bhattacharjee
1996; Boldyrev 2006), (ii)the solar wind and its interaction with
Earth (Eastwood et al. 2005; Ofman 2010; Bruno & Carbone 2013;
⋆ E-mail: raghavanil1984@gmail.com
Yang & Chao 2013; Burlaga 1971a), (iii) interaction of magnetic
large-scale structures (Raghav & Kule 2018), (iv) the solar corona
(Marsch 2006; McIntosh et al. 2011), (v) solar and stellar interiors
(Gizon et al. 2008), (vi) cosmic-ray transport (Schlickeiser 2015),
(vii) astrophysical disks (Quataert & Gruzinov 1999), and (viii)
magnetic fusion (Heidbrink 2008) etc. This fascinating multitudi-
nous applications result in an intense study of Alfvén waves which
intriguingly attracting a lot of interest in space and solar physics
(Cramer 2011).
In Alfvén waves, fluid velocity and magnetic field are oscillat-
ing together such that it can generate a wave propagating along the
direction of the magnetic tension force. This leads to the obvious
characteristic for identifying Alfvén waves i.e. the well-correlated
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changes in magnetic field B and plasma velocity V , described by
the Walén relation (Walén 1944; Hudson 1971) as,
VA = ±A
B√
µ0ρ
and A =
√
1 −
µ0(P‖ − P⊥)
B2
(1)
where B is magnetic field vector and ρ is proton mass density. The±
denotes the sign of wave vector i.e propagation directions, parallel
(-) and anti-parallel (+) to the background magnetic field B0. A
is the thermal anisotropy parameter, P‖ and P⊥ are the thermal
pressures parallel and perpendicular to the (B0), respectively. In the
solar wind near 1 AU, the thermal anisotropy is considered to be
non-significant, and A is often assumed to be 1 (Burlaga 1971b;
Yang et al. 2016).
The fluctuations ∆B in B can be obtained by subtracting aver-
age value of B from each measured values. Therefore, the fluctua-
tions in Alfvén velocity is estimated as
∆VA =
∆B√
µ0ρ
and ∆V = |RW |∆VA (2)
Furthermore, the fluctuations of proton flow velocity ∆V are deter-
mined by subtracting averaged proton flow velocity from measured
values. The significant correlation between each respective com-
ponent of ∆VA and ∆V indicate the presence of Alfvén wave. The
linear relation between ∆VA and ∆V express the Walén slope (Rw).
Yang et al. (2016) proposed an analytical relation between
Walén slope and theoretical estimate of the amplitude ratio (RvA )
of inward to outward waves assuming that the observed Alfvén
waves are their superposition. A measure of the amplitude ratio of
inward to outward Alfvén waves is express as,
for Bx < 0, RVA =
1 + RW
1 − RW
(3)
and
for Bx > 0, RVA =
1 − RW
1 + RW
(4)
in GSE-coordinate system. The RVA < 1 for outward Alfvén waves,
whereas RVA > 1 for inward Alfvén waves (Yang et al. 2016). It
is expected that the Walén slope should be 1, however, most of
the past observational studies show RW varies from 0.28 to 0.99
(Belcher & Davis 1971; Goldstein et al. 1995; Gosling et al. 2011;
Chao et al. 2014). The smaller (sub-unity) value of Walén slope in
the solar wind plasma is still unresolved problem in space physics
(Neugebauer 2006). Moreover, how Alfvén wave properties trans-
formed while propagating from one particular region to other is
hardly studied. In fact, Alfvén waves are rarely observed in the mag-
netic cloud even though their expectations are high (Gosling et al.
2010; Raghav & Kule 2018). It is important to study the influence of
Alfvén waves on the dynamic evolution of magnetic cloud of coro-
nal mass ejection (CME). Besides this, the energy flow of Alfvén
waves within the magnetic cloud and to its following solar wind are
intriguing problems. Here, we demonstrate the first in-situ obser-
vational features of Alfvén wave while propagating from magnetic
cloud to trailing solar wind and put some light on the aforemen-
tioned issues and its implications.
2 EVENT SELECTION & OBSERVATIONS
Here, we study CME-CME interaction event which was provoked
by interacting en-route multiple-CME’s erupted on 13th , 14th ,
and 15th February 2011. The same event has been investigated
in past to study: 1) their interaction corresponding to different po-
sition angles (Temmer et al. 2014), 2) their geometrical properties
and the coefficient of restitution for the head-on collision scenario
and their geomagnetic response (Mishra & Srivastava 2014), 3)
corresponding Forbush decrease phenomena (Maričić et al. 2014;
Raghav et al. 2014, 2017), 4) the presence of Alfvén waves in
interacting region (Raghav & Kule 2018), 5) their geo-effective
response(Raghav et al. 2018). The in-situ observation of the se-
lected event in GSE-coordinate system with time cadence of 92 sec
is shown in Figure 1. A complex magnetic structure is observed
in WIND satellite data at 1 AU. The region between two blue ver-
tical dashed lines shows low β and plasma temperature, constant
density, and the slow temporal variations in θ & φ. This implies
the presence of a magnetic cloud or magnetic cloud-like structure
(Maričić et al. 2014; Raghav & Kule 2018; Raghav et al. 2018) .
Raghav et al.(2018) separated the green shaded region into two re-
gions viz. Magnetic cloud and it’s trailing solar wind. The Walén
test was applied and the correlation and the linear relation between
the components of ∆VA and ∆V for both the region 1 and 2 were
studied. In the magnetic cloud, the Walén slopes for x, y and z com-
ponents were 0.57, 0.64 and 0.78 and the correlation coefficient (R)
between Alfvén and proton flow velocity vector components were
noted as 0.84, 0.91, and 0.92 respectively. In trailing solar wind
region, the Walén slopes for x, y and z components were 0.34, 0.36
and 0.36 and the correlation coefficients were 0.34, 0.47, and 0.55
respectively. The estimated values of the Walén slopes and the cor-
relation coefficients are poor for Alfvén waves in trailing solar wind
as compared to magnetic clouds region (Raghav et al. 2018).
For proper application of Walén test, the accurate estimation of
background magnetic field is essential. However, it is not an observ-
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3Figure 1.Wind observation of complex CME-CME interaction event on 18-20 February 2011 ( time cadence of 92 sec). The top panel shows total interplanetary
field strength IMF ( |BT |) and total solar wind (VT ). The 2nd panel shows plasma proton density and temperature. The 3r d , 4t h and 5t h panel from top
show IMF components (Bx, By, Bz ) and solar wind components (Vx,Vy,Vz ) respectively. The 6t h panel shows plasma beta and bottom panel shows IMF
orientation (Φ, Θ). All observations are in GSE coordinate system. The blue vertical dashed lines presents the magnetic cloud boundaries. The green shade
depicts the possibility of Alfvénic fluctuations based on the visual inspection of the 3r d , 4t h and 5t h panels.
able quantity or it is not easily determined (Lichtenstein & Sonett
1979; Riley et al. 1996; Gosling et al. 2010). Generally, the average
value of de Hoffmann-Teller (HT) frame or the mean value of the
magnetic field is used for the complete duration of observations
(Yang & Chao 2013; Gosling et al. 2010). However, HT frame can
change quite fast in high-speed solar wind streams, and it is not
always appropriate to take the average value of the magnetic field
to be the background field (Li et al. 2016). Gosling et al. (2009) as-
cribed that the solar wind fluctuations are pertinent to a slow varying
base value rather than to an average value (Gosling et al. 2009). Fur-
ther, they suggested that the conclusions derived from the analyses
by assuming the fluctuations in all field components are relative to
average values need to be reexamined. Thus, we thought that the ob-
served degradation in Walén slopes and the correlation coefficients
may cause by the varying background field since the distinct layers
of scattered points are clearly evident (see Figure 4 of Raghav et al.
(2018)). Therefore, the complete green shaded region of Figure 1
chopped in 15 time-wise continuous sub-regions depending on the
visible correlated layers of scattered points. The averaged values are
estimated for each chopped layers and further re-analyzed byWalén
test. Figure 2 demonstrates relative fluctuations between ∆VAx and
∆Vx , their correlation and linear relation for all 15 subregions (See
attachment for variations in y- and z- components). The derived val-
ues of the amplitude ratio (RVA ), Walén slope (RW ) and correlation
coefficients of each component for various sub-regions with their
start and stop times are shown in Table 1. Their temporal variations
are demonstrated in Figure 3.
3 RESULTS AND DISCUSSION
An overall good correlation between magnetic field and proton ve-
locity vectors is clearly evident in all aforementioned sub-divided
regions. It indicates magnetic field and fluids are oscillating to-
gether, which confirms the presence of Alfvén waves in the green
shaded region of Figure 1. Particularly, in a magnetic cloud, corre-
lation coefficient values vary from 0.81 to -0.18 for x-component,
MNRAS 000, 1–8 (2018)
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Figure 2. Top right 15 panels illustrate relative fluctuation of Alfvén velocity vector ∆VAx (blue circles with line) and that of respective proton flow velocity
vector ∆Vx (red circles with line). The scattered black circles with red filling are visual correlation and the linear relation between ∆VAx and ∆Vx for the
aforementioned 15 subregions with same order of plotting. The estimated slopes and correlation coefficient for each subregion are shown in Table 1. (time
cadence of 92 sec).
MNRAS 000, 1–8 (2018)
5Start time End Time Xslope Yslope Zslope mean Bx Rx Ry Rz
18.8321 19.1261 2.4 0.64 0.6 -12.31 0.71 0.76 0.69
19.1261 19.4252 0.92 0.82 0.81 -10.98 0.77 0.94 0.92
19.4252 19.5887 0.46 0.63 0.99 -7.84 0.81 0.50 0.86
19.5887 19.736 0.064 0.66 0.57 -7.35 0.10 0.75 0.64
19.736 20.1156 -0.087 0.35 0.48 -5.27 -0.18 0.41 0.73
20.1156 20.3561 0.56 0.52 0.77 -0.53 0.79 0.58 0.90
20.3561 20.4355 0.4 0.22 0.31 -0.46 0.72 0.58 0.60
20.4355 20.6668 0.5 0.23 0.54 0.53 0.52 0.21 0.72
20.6668 20.9878 0.86 0.72 0.72 1.37 0.88 0.67 0.92
20.9878 21.2644 1.1 0.86 0.83 1.22 0.97 0.97 0.91
21.2644 21.3801 0.92 0.91 0.84 1.50 0.87 0.95 0.93
21.3801 21.498 0.91 0.98 0.97 0.75 0.98 0.92 0.95
21.498 21.5549 0.86 0.85 0.89 0.02 0.98 0.95 0.87
21.5549 21.7962 0.79 0.7 0.88 -2.35 0.93 0.95 0.98
21.7962 21.9143 0.83 0.84 0.95 1.93 0.98 0.93 0.93
Table 1. The list of derived parameters
Figure 3. The top panel demonstrate the variations of the amplitude ratio (RvA ) of inward to outward Alfvén waves, the middle panel illustrates the variation
of Walén slope and the bottom panel depicts the variations of correlation coefficient with respect to the start time of each subregion.
MNRAS 000, 1–8 (2018)
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0.94 to 0.21 for y-component and 0.92 to 0.64 for z-component.
Similarly, Walén slopes varies from 2.4 to -0.087 for x-component,
0.82 to 0.22 for y-component and 0.99 to 0.31 for z-component. The
lowest values of both parameters are seen after about 14 : 07UT on
19 February onwards which further recovers. Moreover, the explicit
decrease in both values is again seen nearly about 08 : 32 UT on
20 February. The in-situ observations suggest the crossing of the
magnetic cloud center by the Wind spacecraft around ∼ 12 : 00 UT
on 19 February, whereas its end boundary is evident on 20 Febru-
ary around ∼ 08 : 24 UT (see Figure 1). The Walén slopes show
sub-unity values for all components in a magnetic cloud, but after
its boundary, both the values gradually recover to ∼ 1 and fluctu-
ate close to 1. Our investigation suggests that the visual correlated
layer-wise Walén test analysis improves the correlation coefficient
and Walén slope values for the trailing solar wind region signifi-
cantly.
The various physical mechanisms proposed to explain the ob-
served sub-unity values for the Walén slope. For example, (i) the
presence of minor ion species other than a proton in the solar wind
(Puhl-Quinn & Scudder 2000), (ii) the presence of compressive
fluctuations (Bavassano & Bruno 1989b), (iii) pickup ions through
anisotropy (Goldstein et al. 1995), (iv) Alfvén waves with mixed
propagation directions (Belcher & Davis 1971), (v) Electron flow
velocities (Scudder et al. 1999) and (vi) the acceleration of a rota-
tional discontinuity (Sonnerup et al. 1987, 1990) etc. Out of these,
the mixture of inward and outward Alfvén waves in the solar wind
frame of reference (D’Amicis & Bruno 2015) is considered as the
major cause of observed sub-unity values of Walén slope and could
reduce the correlation between solar wind velocity and magnetic
field (Belcher & Davis 1971; Neugebauer 2006; Bruno & Carbone
2013; Yang et al. 2016). The outward Alfvén waves are often ob-
served in the solar wind, however inward Alfvén waves are rarely
seen (Belcher et al. 1969; Daily 1973; Burlaga & Turner 1976;
Riley et al. 1996;Denskat & Neubauer 1982;Yang et al. 2016). The
inward Alfvén waves are anticipated with increasing heliocentric
distance and further linked with special events such as magnetic re-
connection exhausts and/or back-streaming ions from reverse shocks
(Belcher & Davis 1971; Roberts et al. 1987; Bavassano & Bruno
1989a;Gosling et al. 2009, 2011). The wind velocity shears through
plasma instabilities may cause superposition of inward and out-
ward Alfvén waves locally (Bavassano & Bruno 1989b). The si-
multaneous presence of both the Alfvén waves leads to non-linear
interactions (Dobrowolny et al. 1980) which are not only crucial
for the dynamical evolution of a Kolmogorov-like MHD spec-
trum (Bruno & Carbone 2013) but also for the depletion of the
normalized cross helicity of Alfvénic fluctuations with increasing
heliocentric distance (Roberts et al. 1987; Bavassano et al. 2000;
Matthaeus et al. 2004)
For the studied event, Raghav & Kule (2018) suggest that
the Alfvén wave is induced by the interaction of multiple CMEs
which may change the force balance conditions of the fluxrope
(Raghav & Kule 2018). The Alfvén wave could be generated by
the steepening of a magnetosonic wave which forms the shock at
the leading edge of the magnetic cloud(Tsurutani et al. 1988, 2011).
Besides this, the Alfvén waves are commonly observed in interplan-
etary space (Hellinger & Trávníček 2008) but it would be difficult
for them to get into the magnetic cloud. The high compression at the
front edge of the magnetic cloud may be reflected in the first sub-
divided region of x-component in which unjustifiable Walén slope
(very high 2.4) is observed. The MHD static equilibrium suggests
magnetic cloud/fluxrope as strongly coupled plasma under frozen
in condition with concentric cylindrical surface layers around the
central axis. The magnetic shear strength strongly couples these
different concentric layers (Russell 1999). Important to note that
nearly after a half of magnetic cloud crossover and at the magnetic
cloud end boundary, the Walén slope and correlation coefficient are
minimum, further the RVA values fluctuate close to 1.
The distinct two types orientation in scattered points are
observed in middle panel of the 2nd row from the bottom of
Figure 2 which depicts the magnetic cloud end boundary re-
gion. In this region, the following solar wind is magnetically
reconnecting with the end boundary of the magnetic cloud.
Thus, magnetic reconnection process induces inward Alfvén waves
(Belcher & Davis 1971; Roberts et al. 1987; Bavassano & Bruno
1989a; Gosling et al. 2009, 2011) which may be responsible for
the decrease in Walén slopes as well as correlation coefficients at
the magnetic cloud boundary. The similar trend is also observed
in a rightmost panel of 3rd row from the bottom of Figure 2. It
implies the internal magnetic reconnection process within the mag-
netic cloud which leads to the simultaneous presence of inward
and outward Alfvén waves. The observations also imply that the
plasma distribution in the x-direction (parallel) is highly affected
as compare to the y- and z-direction (perpendicular). It would lead
to induce pressure anisotropy within magnetic cloud which chal-
lenge the fundamental assumption i.e. the thermal anisotropy is
non-significant. This anisotropy in pressure can offsets the mag-
MNRAS 000, 1–8 (2018)
7netic tension and triggers the firehose instability on ion gyroscales
(Davidson & Völk 1968; Yoon et al. 1993; Hellinger & Matsumoto
2000) which further leads to the interruption of Alfvén wave. The
simulation studies infer that the decay process of Alfvén wave di-
rectly transfers large-scale mechanical energy into thermal energy
via viscous dissipation which heats the plasma (Squire et al. 2016,
2017). Here, we demonstrate the observational signature in which
the plasma temperature corresponding to the same region (where we
have observed decrease in Walén slopes as well as correlation co-
efficients) gradually increases (see Figure 1) by approximately one
order. Also, the corresponding duration is nearly half a day which is
comparable to Alfvén wavelength (period). It means plasma gains
the energy by some process which may be either caused by the
magnetic reconnection and/or the dissipation of the Alfvénic fluc-
tuations in the corresponding regions.
We opine that this localized anisotropy affect magnetic shear
strength andmay trigger micro-scale instabilities (De Camillis et al.
2016) and sow the seeds for the internal magnetic reconnection
between different concentric surface layers of magnetic cloud. The
process can make the stable magnetic configuration unstable and
may lead to tears down the magnetic cloud. Besides this, the RVA
values within the magnetic cloud are observed well above 1 in
y- and z-component. It implies a dominant inward flow of Alfvén
waves which could be caused by their reflection from the distinct
magnetic boundaries of the cloud and energy remains confined
within the cloud. The RVA value gradually decreasing below 1 after
the trailing edge of magnetic cloud crossover. It indicates dominant
outward flow of Alfvén waves along the following solar wind which
disperses the energy in space.
The present study demonstrates the overall different character-
istic of Alfvén waves propagating in the magnetic cloud (dominant
inward waves) and trailing solar wind (dominant outward waves).
It has major implications in the dynamic evolution of the mag-
netic clouds (i.e. CMEs) which are the most stable structure in
space and major drivers of heliospheric dynamics. The Sun is the
main source of their ejection, further considering the number of
CMEs ejected by the Sun, it is expected that the heliosphere should
be full of magnetic clouds. However, no observational study sup-
port this expectation. It means there exists some process by which
they tear down in the space and become part of the ambient so-
lar wind. Moreover, how these magnetic structures disrupt in the
space is still a mystery. The past studies suggest the CME-CME
interactions formed complex ejecta in which the identity of individ-
ual CMEs (magnetic clouds) was lost (Burlaga et al. 2001, 2002;
Farrugia & Berdichevsky 2004), but how? is the question. Here, we
proposed that the propagation of Alfvén waves in magnetic cloud
triggers instabilities in the stablemagnetic configurationwhich leads
to the disruption of magnetic clouds and further they become part of
ambient solar wind. This might be a reason behind the rare observa-
tion of Alfvén waves in magnetic cloud, despite the high expectation
of such observations (Jacques 1977; Gosling et al. 2010). Further
studies are required to investigate the Alfvén waves in interacting
regions and their temporal evolution by multi-spacecraft measure-
ments.
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